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Abstract. The Arctic Ocean is a unique marine environment
with respect to seasonality of light, temperature, perennial
ice cover, and strong stratiﬁcation. Other important distinc-
tivefeaturesaretheinﬂuenceofextensivecontinentalshelves
and its interactions with Atlantic and Paciﬁc water masses
and freshwater from sea ice melt and rivers. These charac-
teristics have major inﬂuence on the biological and biogeo-
chemical processes occurring in this complex natural sys-
tem.Heterotrophicbacteriaarecrucialcomponentsofmarine
food webs and have key roles in controlling carbon ﬂuxes in
the oceans. Although it was previously thought that these or-
ganisms relied on the organic carbon in seawater for all of
their energy needs, several recent discoveries now suggest
that pelagic bacteria can depart from a strictly heterotrophic
lifestyle by obtaining energy through unconventional mech-
anisms that are linked to the penetration of sunlight into
surface waters. These photoheterotrophic mechanisms may
play a signiﬁcant role in the energy budget in the euphotic
zone of marine environments. Modiﬁcations of light and car-
bon availability triggered by climate change may favor the
photoheterotrophic lifestyle. Here we review advances in our
knowledgeofthediversityofmarinephotoheterotrophicbac-
teriaanddiscusstheirsigniﬁcanceintheArcticOceangained
in the framework of the Malina cruise.
1 Introduction
The Arctic Ocean is the smallest of the ﬁve major oceans,
covering 2.8% of the earth’s total surface (Pidwirny, 2006);
itisalmostcompletelysurroundedbylandandcanbeviewed
as the Arctic Mediterranean Sea (Coachman and Aagaard,
1974). However, the Arctic Ocean and its marginal seas (the
Chukchi,EastSiberian,Laptev,Kara,Barents,White,Green-
land, and Beaufort; some oceanographers also include the
Bering and Norwegian seas) are the least known basins and
bodies of water of the world’s oceans owing to their remote-
ness, hostile weather, and perennial or seasonal ice cover.
The Arctic Ocean has the most extensive shelves of any
ocean basin, covering about 50% of its total area. Relative
to other ocean basins, rivers play a disproportionately impor-
tant role in the Arctic Ocean, which contains only about 1%
of the volume of the world’s oceans yet receives approxi-
mately 10% of the global terrigenous dissolved organic car-
bon (DOC) load (Aagaard et al., 1985; Opsahl et al., 1999).
The DOC concentrations in coastal Arctic waters are twice
higher than those in the Atlantic and Paciﬁc oceans (Cauwet
and Sidorov, 1996), highlighting the tight coupling of the
Arctic Ocean with terrestrial catchments (Meon and Amon,
2004). In addition to the discharge of large rivers, the Arc-
tic Ocean is also freshened by an inﬂow of relatively low-
salinity Paciﬁc waters through the Bering Strait and net pre-
cipitation over the ocean surface (Serreze et al., 2006). Sea
ice dynamics also play a pivotal role in the salinity regime,
adding salt to the underlying water during ice formation and
releasing fresh water during ice melting. As a consequence,
estuarine gradients are a deﬁning feature not only nearshore,
but throughout this ocean. Due to this large inﬂux of fresh-
water, the Arctic Ocean is well stratiﬁed with a distinctive
surface layer of reduced salinity, the polar mixed layer, and
density stratiﬁcation inhibits vertical mixing with warmer,
saline Atlantic waters below 200m, allowing sea ice to form
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(Aagaard and Coachman, 1975). Inorganic nutrient concen-
trations exhibit strong regional gradients from high nutrient
regimes (e.g., the Chukchi Sea shelf) to oligotrophic condi-
tions (e.g., in the Beaufort Gyre and the Beaufort Sea).
The climate of the Arctic marine environment is marked
by extreme seasonality in solar radiation, ice cover and at-
mospheric temperature and, to a lesser extent, water temper-
ature (Carmack et al., 2006). The winter season in the Arctic
is characterized by little or no sunlight, of which only a frac-
tion is able to penetrate the thick sea ice and snow layers
to the water column below. This mainly affects photosyn-
thetic organisms like phytoplankton that require sunlight for
carbon ﬁxation. Most pronounced changes occur during the
spring and early summer, when melting sea ice, melt ponds,
and rapidly increasing day length allow greater penetration
of light to the water column. Despite their low temperatures,
Arctic waters support a highly productive ice-free season
(Garneau et al., 2008), and bacterial activity has been found
to be as high as in lower latitudes (Wheeler et al., 1996).
Overall, however, the composition, physiology and function
of prokaryotic heterotrophs in the marine Arctic are poorly
understood, both in terms of spatial variations as well as tem-
poral dynamics (Amon, 2004).
In this article, we ﬁrst present an updated overview of
the diversity of pelagic heterotrophic bacteria and their in-
ﬂuences on biochemistry and upper food webs in the Arc-
tic Ocean. Then, we focus on our current knowledge of the
photoheterotrophic bacterial populations. In the light of re-
cent studies that have been conducted during the Malina
cruise (http://malina.obs-vlfr.fr), we also discuss the pos-
sible changes that could occur in the diversity of photo-
heterotrophic bacteria in coastal environments of the Beau-
fort Sea.
2 Diversity of pelagic heterotrophic bacteria
Early studies conducted in nearshore areas of the west-
ern Beaufort Sea investigated the cultivable fraction of the
prokaryotic community (Kaneko et al., 1977; Zobell, 1946).
Succession of cultivable bacterial phenotypes was demon-
strated according to season and geography and in response
to algal blooms. These pioneering studies demonstrated
that bacterial isolates tend to differ signiﬁcantly from those
found in other marine environments. This observed poten-
tial for high genetic diversity was further conﬁrmed by 16S
rRNA gene-based molecular analyses of subsurface Arc-
tic prokaryotic communities (Ferrari and Hollibaugh, 1999).
Early molecular studies analyzed compositional variability
in prokaryotic assemblages in Arctic waters (Bano and Hol-
libaugh, 2002). The 16S rRNA gene clone libraries from the
central Arctic (Bano and Hollibaugh, 2002), western Arctic
(Malmström et al., 2007), Greenland Sea (Pommier et al.,
2007; Zaballos et al., 2006), Bafﬁn Bay (Pommier et al.,
2007),LaptevSea(KelloggandDeming,2009),andFranklin
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Figure 1. Relative abundance of major phyla identiﬁed in pyrose-
quencing studies of the deep Arctic Ocean (Galand et al., 2010);
the Arctic Chukchi Beaufort (Kirchman et al., 2010), the central
Arctic multiyear ice and the central Arctic seawater (Bowman et
al., 2012), the offshore Beaufort Sea and the Mackenzie estuary
(Ortega-Retuerta et al., 2013).
Bay (Collins et al., 2010) revealed that bacterial communi-
ties were composed of polar and cosmopolitan phylotypes.
Alphaproteobacterial and gammaproteobacterial sequences
often formed the dominant phylotypes in planktonic bacte-
rial assemblages. However, Malmström et al. (2007) reported
high numbers of gammaproteobacterial (53% of the clones)
and Bacteroidetes (29% of clones) sequences in a Chukchi
Seasample(westernArctic).GammaproteobacteriaandBac-
teroidetes were also the dominant groups in surface waters of
Bafﬁn Bay and Greenland Sea (Pommier et al., 2007).
Most recently, massively parallel tag sequencing tech-
niques have improved our knowledge of the prokaryotic di-
versity in the Arctic Ocean (Fig. 1), despite rarefaction anal-
yses still suggested undersampling. Although a greater abun-
dance of Gammaproteobacteria was reported by Kirchman
et al. (2010), Alphaproteobacteria typically dominate Arc-
tic surface waters, followed by Gammaproteobacteria and
by Bacteroidetes (see references in Fig. 1 and Comeau et
al. (2011)). Verrucomicrobia and Actinobacteria are also
widely recognized as abundant Arctic seawater clades. Inter-
estingly, the taxonomic composition of the rare phylotypes
was similar to that of the most abundant ones (Galand et al.,
2009). Low proportions of marine cyanobacterial sequences
were generally obtained in marine waters as previously re-
ported (Waleron et al., 2007), although signiﬁcant contribu-
tions were obtained in the attached fraction associated to the
Mackenzie plume (Ortega-Retuerta et al., 2013). In the lat-
ter study, signiﬁcant differences between particle-attached
and free-living bacterial communities were observed in the
open sea, but both fractions showed a similar structure in
coastal and river samples. The inﬂuence of river inputs on
prokaryotic community structure was also demonstrated in
previous studies in the Arctic (Galand et al., 2008; Garneau
et al., 2006; Kellogg and Deming, 2009) and in a global
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comparison of bacterial diversity including Arctic samples
(Ghiglione et al., 2012).
Fluorescence in situ hybridization (FISH) has also been
used to identify bacterial phylogenetic groups and to assess
their actual cell abundance in natural waters (Alonso-Sáez et
al., 2008; Elifantz et al., 2007; Garneau et al., 2006; Kirch-
man et al., 2007; Wells and Deming, 2003). These studies
conﬁrmed the dominance of Alphaproteobacteria (Elifantz
et al., 2007; Garneau et al., 2006) or Bacteroidetes (Elifantz
et al., 2007; Wells and Deming, 2003). With contributions
higher that 20%, SAR11 clade represents the major group
(Malmström et al., 2007). Cell abundances of other ubiq-
uitous groups such as SAR86 (Gammaproteobacteria) and
Roseobacter clade-afﬁliated (RCA) cluster (8% and 10%,
respectively) were also signiﬁcant. Seasonal changes in the
relative abundance of major bacterial groups were reported,
and some abundant groups showed relatively high activity at
the single-cell level (Alonso-Sáez et al., 2008, 2010; Nikrad
et al., 2012).
3 Diversity of photoheterotrophic bacteria
Photoheterotrophic bacteria are microorganisms able to har-
vest light energy and to utilize dissolved organic com-
pounds as carbon and energy source. Three groups of photo-
heterotrophic bacteria are currently known in the marine en-
vironment. The ﬁrst group includes the abundant autotrophic
cyanobacteria like Prochlorococcus and Synechococcus ca-
pable of facultative heterotrophic growth in nutrient-depleted
environments.Thesecondgroupisformedbyaerobicanoxy-
genic phototrophic (AAP) bacteria. These organisms are ob-
ligate aerobes using dissolved organic matter as a source of
organic carbon for their metabolism and growth. They har-
vest light using bacteriochlorophyll a (BChl a)-based pig-
ments and reaction centers in addition to respiration. The
third group is composed of diverse bacterial groups that use
bacterial rhodopsin as light-driven proton pump.
3.1 Cyanobacteria
Synechococcus spp. and Prochlorococcus spp. are promi-
nent constituents of the marine biosphere, which account
for a signiﬁcant percentage of the biomass and oceanic pri-
mary production (DuRand et al., 2001; Li, 1994; Veldhuis et
al., 1997). Although they depend on light for most of their
energy production and CO2 for carbon acquisition, these
cyanobacteria have also been shown to take up diverse or-
ganic substrates such as amino acids, nucleosides, oligopep-
tides, urea, sulfur compounds, or cyanate (Malmström et al.,
2005; Palenik et al., 2003; Zubkov and Tarran, 2005), and
use them to produce cellular biomass.
3.1.1 Abundance in the Arctic Ocean
Although cyanobacteria predominate in brackish or freshwa-
ter polar environments reaching abundances among the high-
est reported in natural environments (Powell et al., 2005),
their abundance are typically low in marine polar waters (Li,
2009). In both polar oceans, picocyanobacteria follow a gen-
eral trend of decreasing concentrations and relative abun-
dance with increasing latitudes, and strong inverse correla-
tions between cell densities and temperature have been re-
ported (Marchant et al., 1987; Murphy and Haugen, 1985;
Rosenbergl,1993).Prochlorococcus,themostabundantpho-
tosynthetic organism in the ocean, is widely distributed in
subtropical and tropical waters from 40◦ S to 48◦ N (John-
son et al., 2006; Partensky et al., 1999b). Due to its tem-
perature sensitivity, its concentrations decline rapidly be-
yond this band (Marchant et al., 1987). Despite its presence
was reported in a sub-Arctic region at latitude 61◦ N (Buck
et al., 1996) and at southern latitudes of the sub-Antarctic
(Marchant et al., 1987), Prochlorococcus is considered virtu-
ally absent in the polar oceans (Baldwin et al., 2005; Cottrell
and Kirchman, 2009; Li, 1994; Lin et al., 2012; Zwirglmaier
et al., 2008). Synechococcus is more ubiquitous and inhab-
its virtually all marine and freshwater environments (Parten-
sky et al., 1999a). In the Arctic Ocean, Synechococcus has
been found in many marine cold environments such as the
Chukchi Sea (Cottrell and Kirchman, 2009; Huang et al.,
2012), the Beaufort Sea (Cottrell and Kirchman, 2009), off
Iceland (Michelou et al., 2007) and in an area between
the Norwegian, Greenland and Barents seas (Zwirglmaier et
al., 2008). Epiﬂuorescence microscopy studies have also re-
ported variable abundances of phycoerythrin-rich cyanobac-
teria in Resolute passage (Robineau et al., 1999). The highest
cell numbers (>103 cellsmL−1) were measured between the
Norwegian, Greenland and Barents seas during the late sum-
mer (Zwirglmaier et al., 2008), in marine waters of lower
salinities in Resolute passage (Robineau et al., 1999), and
in Mackenzie River and estuary, as well as in coastal sites
of Franklin Bay and Amundsen Gulf (Waleron et al., 2007).
However, Synechococcus abundances measured in the Arc-
tic Ocean are generally lower. In two coastal sites from
the Chukchi and Beaufort seas, densities never exceed more
than 100cellsmL−1 (Cottrell and Kirchman, 2009) and their
concentrations decreased by an order of magnitude in off-
shore sites near Arctic pack ice (Robineau et al., 1999).
Low cyanobacterial abundance (less than 24cellsmL−1) was
also measured in the East Greenland Current (Gradinger and
Lenz, 1989). Interestingly, cyanobacterial abundance did not
vary signiﬁcantly between summer and winter, probably due
to heterotrophic activity during the dark period (Cottrell and
Kirchman, 2009). During the Malina cruise in summer 2009,
Synechococcus was completely absent in Arctic waters of the
Chukchi and Beaufort seas (Balzano et al., 2012) as observed
previously (Li, 1998).
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Figure 2. Synechococcus community composition calculated
from environmental sequences recovered in high-latitude regions.
Reprinted by permission from Macmillan Publishers Ltd: The
ISME Journal (Huang et al., 2012)
The origin of picocyanobacteria in the Arctic marine envi-
ronment is controversial. Several authors argue for a strong
contribution of allochthonous inputs like rivers or transport
by advection from surrounding oceans (Gradinger and Lenz,
1989; Vincent et al.; Waleron et al., 2007) while others hy-
pothesize for brackish communities autochthonous to the
Arctic Ocean and adapted to cold environments (Cottrell and
Kirchman, 2009; Huang et al., 2012).
3.1.2 Diversity in the Arctic Ocean
Marine Synechococcus exhibit a high genetic diversity and
are divided into three major subclusters, 5.1, 5.2, and 5.3.
Among numerous clades unveiled by different gene mark-
ers (more than 20 based on 16S–23S internally transcribed
spacer), clades I, II, III and IV are dominant on a global
scale (Ahlgren and Rocap, 2012; Zwirglmaier et al., 2008).
These lineages show different geographic niche exploitation.
Clades I and IV dominate in nutrient-rich coastal waters at
high latitudes, while clade II is widely distributed in sub-
tropical and tropical oceanic waters (Huang et al., 2012;
Zwirglmaier et al., 2008).
Using 16S rRNA-targeted probes speciﬁc for Synechococ-
cus clades, Zwirglmaier et al. (2008) showed that clades I
and IV dominated Synechococcus communities in an area
between the Norwegian, Greenland, and Barents seas, both
clades yielding approximately equal hybridization signals.
The signiﬁcance of these clades up to 62◦ N in the north At-
lantic was further conﬁrmed by Huang et al. (2012) (Fig. 2).
In the southern Bering Sea (56–60◦ N) where clade IV was
not detected, clade I represented a signiﬁcant portion of the
Synechococcus community (Huang et al., 2012). The latter
study evidenced a clear shift of Synechococcus community
structure with increasing latitude and decreasing tempera-
ture. Clade I occurred rarely or was not detected in the north-
ern Bering Sea and Chukchi Sea (62–72◦ N) where the eury-
haline clades CB1 and CB5 prevailed. Although these two
clades were originally isolated from the Chesapeake Bay,
their prevalence in the northern Bering Sea and the Chukchi
Sea suggests an autochthonous rather than a riverine or estu-
arineorigin.IntheBeaufortSeathatisstronglyinﬂuencedby
the Mackenzie River, only sequences closely related to fresh-
water and brackish Synechococcus were detected (Waleron et
al., 2007).
However, regarding their very low abundance in the po-
lar oceans, picocyanobacteria probably play little role on the
pelagic carbon and energy ﬂow in this part of the globe (Díez
et al., 2012; Gradinger and Lenz, 1989; Koh et al., 2012).
3.2 Aerobic anoxygenic phototrophic bacteria
Cyanobacteria are not the only bacteria that can use light en-
ergy in the upper water column. In the late 1970s, novel aer-
obic photosynthetic bacteria containing bacteriochlorophyll
a (BChl a) were isolated from seaweed, sand, bottom sedi-
ments, and seawater in Tokyo Bay (Harashima et al., 1978;
Shiba et al., 1979). In contrast to their anaerobic counter-
parts, these organisms now called AAP bacteria thrive in oxic
conditions.
Rediscovered in the early 2000s, AAP bacteria were
thought to be abundant and widespread in the euphotic zone
of the open ocean and to contribute signiﬁcantly to photo-
synthetically driven electron transport (Kolber et al., 2001;
Rathgeber et al., 2004). Kolber et al. (2000) suggested that
AAP bacteria might be abundant in oligotrophic oceanic re-
gions where the capacity to harvest light energy may pro-
vide photoheterotrophs a competitive advantage over chemo-
heterotrophs. Later studies showed that their abundance and
distribution vary greatly among oceanic regimes, suggesting
that there is a broad range of potential ecological niches for
these microbes (Cottrell et al., 2006; Lehours et al., 2010;
Mašín et al., 2006; Sieracki et al., 2006; Yutin et al., 2007).
It seems however that AAP bacteria are more abundant in
shelf and coastal areas than in the open ocean (Schwalbach
and Fuhrman, 2005; Sieracki et al., 2006). The number of
AAP bacteria can exceed 10% of total prokaryotes in es-
tuaries (Cottrell et al., 2010; Waidner and Kirchman, 2007)
but typically account for a small percentage (2 to 4%) in
open ocean waters (Cottrell et al., 2006; Jiao et al., 2007)
where high abundances were recorded however (Lami et al.,
2007). Despite lower AAP bacterial abundances reported in
oligotrophic pelagic environments, these bacteria constitute
a very dynamic part of marine microbial communities and
may contribute signiﬁcantly to the upper ocean carbon cycle
(Koblížek et al., 2007).
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Figure 3. Schematic diagram representing the changes in abun-
dance (a) and diversity (b) of major AAP bacterial clades along
an onshore–offshore transect of the Beaufort Sea. AAP proportions
were calculated by dividing AAP bacterial numbers (enumerated by
infrared epiﬂuorescence microscopy) by the total prokaryotic num-
bers (4’,6-diamidino-2-phenylindole counts).
3.2.1 Abundance in the Arctic Ocean
The abundance and distribution of AAP bacteria has been
poorly studied in high-latitude waters. In the earliest study
conducted in Arctic marine waters, AAP bacteria were found
to constitute 5 to 8% of the prokaryotic community in
coastal waters of the Beaufort and Chukchi seas (Cottrell
and Kirchman, 2009). These authors did not report signiﬁ-
cant changes in AAP bacterial abundance between summer
and winter. During the Malina cruise that crossed the Bering
and Chukchi seas and focused on the southern Beaufort Sea
in summer 2009, we observed a strong decreasing gradient
from the Mackenzie River to the open ocean, with a mean
AAP bacterial contribution of 7% in the Mackenzie mouth,
1% inshore, and 0.1% offshore (Boeuf, 2013). The high-
est AAP abundances were found in surface waters of the
Mackenzie plume (14%) and in the benthic nepheloid layer
(BNL) (9%) (Fig. 3a). These results are in line with those
recorded in estuarine systems such as the Long Island Sound,
Delaware Bay and Chesapeake Bay, where these bacteria
can constitute more than 10% of the prokaryotic commu-
nity (Cottrell et al., 2010; Schwalbach and Fuhrman, 2005;
Sieracki et al., 2006; Waidner and Kirchman, 2008). The low
AAP bacterial percentages in-shelf and offshore Beaufort
Sea samples were similar to those reported in Antarctic wa-
ters of the Southern Ocean (Schwalbach and Fuhrman, 2005)
and in most oligotrophic temperate and tropical regions (Ho-
jerová et al., 2011; Jiao et al., 2007; Lamy et al., 2011).
This is consistent with the trophic status of the Beaufort Sea
that is quite oligotrophic in summer (Ortega-Retuerta et al.,
2012), with nearly undetectable nitrate levels during the Ma-
lina cruise. In contrast to total prokaryote abundance, AAP
proportionscorrelatedsigniﬁcantlywithammonium,silicate,
total Chl a, and the different forms of organic carbon, nitro-
gen, and phosphorus. This suggests that AAP bacteria may
respond to organic supply differently and have higher miner-
alization capacities than the bacterial community (Boeuf et
al., 2013).
3.2.2 Diversity in the Arctic Ocean
Our knowledge on the diversity of AAP bacteria has long
been based on cultures (Yurkov and Beatty, 1998). AAP bac-
teria have been further identiﬁed in environmental samples
using known photosynthetic reaction center genes (Béjà et
al., 2002). Wider polymerase chain reaction (PCR) primers
targeting pufM gene encoding the M subunit of bacterial
photosynthetic reaction centers were then used to expand
AAP bacterial diversity in various environments (Yutin et
al., 2005). Diverse AAP bacteria were also retrieved in
metagenomes from the Atlantic and Paciﬁc oceans (DeLong
et al., 2006; Venter et al., 2004; Waidner and Kirchman,
2005; Yutin et al., 2007). Further studies indicated that AAP
communities can be structured differently according to ge-
ographical location (Jeanthon et al., 2011; Jiao et al., 2007;
Lehours et al., 2010). All these efforts have evidenced the ge-
netic diversity of AAP bacteria with members of the Alpha-
, Beta-, and Gammaproteobacteria. Both targeted (Hu et al.,
2006; Jiao et al., 2007; Lehours et al., 2010) and non-targeted
(Yutin et al., 2007) diversity studies have shown that de-
pending on the location and environment, members of ei-
ther the Alpha- or Gammaproteobacteria typically dominate
the marine AAP bacterial community. For example, in the
Baltic and Mediterranean seas, most AAP bacteria belonged
to Gammaproteobacteria (Jeanthon et al., 2011; Mašín et
al., 2006), while in the Global Ocean Sampling (GOS) ex-
pedition, the Roseobacter-like group of Alphaproteobacteria
dominated the oligotrophic AAP bacterial community (Yutin
et al., 2007).
Only a limited number of studies have examined the diver-
sity of AAP bacteria in high-latitude waters. First investiga-
tions carried out in the permanently frozen freshwater Lake
Fryxell (Antarctica) (Karr et al., 2003) revealed that AAP
bacteria living in these habitats were distinct from their ma-
rine counterparts. The presence of pufM genes in Antarctic
seawater and sea ice environment was further demonstrated
by Koh et al. (2011). Using the same primer set, both these
studies found that Alphaproteobacteria dominated the AAP
bacterial communities. Seawater clones closely related to
Roseobacter denitriﬁcans suggest the presence of the ubiqui-
tous RCA cluster in Antarctic waters. In surface waters of the
Chukchi and Beaufort seas, although pufM genes belong to
phylogroups previously identiﬁed in the GOS metagenome
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coastal samples of the Chukchi and Beaufort seas in summer and
winter (Cottrell and Kirchman, 2009) and from the Mackenzie
plume, coastal and offshore surface waters and other depths (Boeuf
et al., 2013). The numbers of clones and libraries analyzed are indi-
cated in bold and between brackets, respectively.
(Yutin et al., 2007), most were distinct from those retrieved
at lower latitudes and in Antarctic waters (Boeuf et al., 2013;
Cottrell and Kirchman, 2009; Koh et al., 2011). By examin-
ing a couple of coastal sites in summer and winter, Cottrell
and Kirchman (2009) revealed the presence of three phy-
logroups (Fig. 4). Two of them (phylogroups E and F) be-
longed to the Rhodobacterales that is one of the most com-
mon alphaproteobacterial order in polar and subpolar oceans
(Fu et al., 2010; Ghiglione and Murray, 2012; Niederberger
et al., 2010; Prabagaran et al., 2007; Salka et al., 2008; Selje
et al., 2004). Loktanella-like pufM clones (phylotype F)
dominated the libraries at both seasons, whereas proportions
of Sulﬁtobacter-related sequences (phylogroup E) increased
in winter. Boeuf et al. (2013) investigated more thoroughly
the AAP diversity in the transition zone between offshore
and Mackenzie-inﬂuenced coastal waters (southern Beaufort
Sea) in summer. The presence of pufM genes afﬁliated with
Rhodobacterales in most of the Beaufort shelf was remark-
able (Figs. 3b and 4) and supported by independent isola-
tion of a large number of Sulﬁtobacter and Loktanella strains
from most of the shelf and offshore stations.
The most striking observation was the widespread dis-
tribution of betaproteobacterial clades in the entire Beau-
fort shelf (Fig. 4). The most abundant betaproteobacterial
clade exhibited a strong river-to-ocean gradient (Fig. 3b),
suggesting that these bacteria grew in the Mackenzie River
and then were mixed with Beaufort coastal waters (Boeuf,
2013). These results were in line with the fact that (i) be-
taproteobacterial pufM genes increased in summer coastal li-
braries(CottrellandKirchman,2009)athigherriverﬂow,(ii)
betaproteobacterial AAP bacteria are found in high propor-
tions in estuarine or freshwater habitats (Salka et al., 2011;
Waidner and Kirchman, 2008; Yutin et al., 2007), and (iii)
Betaproteobacteria are commonly found in the Mackenzie
River where they are dominant (Galand et al., 2008; Gar-
neau et al., 2006). AAP bacterial diversity was highest at
depths where Paciﬁc Summer Water mixes with the BNL. At
these depths, AAP bacteria afﬁliated to orders Rhizobiales
and Sphingomonadales were common along the Mackenzie
shelf but almost absent in surface waters (Figs. 3b and 4).
Although Gammaproteobacteria represent one third of the
bacterial community in Arctic marine waters (Kirchman et
al., 2010), no gammaproteobacterial AAPs were found at
the coastal sites of Chukchi and Beaufort seas (Cottrell and
Kirchman, 2009) (Fig. 4). We conﬁrmed this trend during the
Malina cruise since only a few pufM clones belonging to the
gammaproteobacterialphylogroupKwererecoveredinnorth
Paciﬁc Ocean samples but none were obtained above 62◦ N.
Similarly,noclonesofthisphylogroupwerefoundinAntarc-
tic sea ice and seawater (Koh et al., 2011). This seems to
indicate that polar waters are an exception to its widespread
distribution (Jeanthon et al., 2011; Lehours et al., 2010; Yutin
et al., 2007).
3.3 Proteorhodopsin-containing bacteria
An additional type of phototrophy has also been recently
found in marine surface waters. Proteorhodopsins (PR) are
retinal-binding integral membrane proteins discovered via
environmental genomic surveys in the early 2000s (Béjà et
al., 2000; Béjà et al., 2001; de la Torre et al., 2003; Venter
et al., 2004). Proteorhodopsins are homologues of bacteri-
orhodopsins discovered in the halophilic archeon Halobac-
terium salinarum four decades ago (Oesterhelt and Stoeck-
enius, 1971). Their designation was based on the discov-
ery of metagenomic fragments that linked the ﬁrst discov-
ered of these PR genes to a small subunit ribosomal RNA
(SSU rRNA) gene deﬁning the uncultured SAR86 group II,
a gammaproteobacterial group widespread in marine plank-
ton (Béjà et al., 2000; Suzuki et al., 2001).
Subsequent PCR-based gene surveys, screenings of bacte-
rial artiﬁcial chromosome and fosmid libraries, and metage-
nomic and genome analyses have identiﬁed a wide variety
of PR genes (Béjà et al., 2001; de la Torre et al., 2003; Man
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Figure 5. Relative abundance of PR genes in clone libraries ob-
tained from Arctic Ocean samples. Clones were retrieved from
coastal samples of the Chukchi and Beaufort seas in summer and
winter (Cottrell and Kirchman, 2009) and from the Mackenzie
plume, coastal and offshore surface waters and other depths (Boeuf,
2013). The numbers of clones and libraries analyzed are indicated
in bold and between brackets, respectively.
et al., 2003). Proteorhodopsins were found in diverse bac-
terial groups, including the ubiquitous SAR11 groups (Gio-
vannoni et al., 2005; Giovannoni and Stingl, 2005), the abun-
dant coastal clade SAR 92 (Stingl et al., 2007), as well as
in strain HTCC 2255 Rhodobacterales, marine Flavobacteria
(Gómez-Consarnauetal.,2007;Gonzálezetal.,2008;Riedel
et al., 2010; Yoshizawa et al., 2012) and planktonic Archaea
(Frigaard et al., 2006). Phylogenies of PR amino acid se-
quences are not consistent with those of 16S rRNA, sug-
gesting that PR genes have acquired by lateral gene transfer
(Frigaard et al., 2006; Sabehi et al., 2004). Proteorhodopsins
have been detected in coastal and open ocean environments,
but also in freshwater, estuarine, and brackish ecosystems
(Atamna-Ismaeel et al., 2008; Rusch et al., 2007).
3.3.1 Diversity in the Arctic Ocean
Only very few molecular surveys have reported PR bacteria
in marine polar waters. Antarctic PR sequences have been
detected in coastal surface waters near Anvers Island, west-
ern Antarctic Peninsula (Béjà et al., 2000; Williams et al.,
2012) and in sea ice and brine samples of the Ross Sea (Koh
et al., 2010). Sequences analyses revealed that Antarctic PR
showed similarity to previously reported PR sequences, al-
though most of the sequences were generally distinct. Cot-
trell and Kirchman (2009) reported the ﬁrst study on PR bac-
terial diversity in Arctic waters. Although limited to a couple
of coastal sites, this study revealed a diverse collection of
PR genes, only a few of them belonging to previously identi-
ﬁed groups. Clone libraries were mainly composed of alpha-
and gammaproteobacterial PR types and their composition
changed between summer and winter (Fig. 5). During the
Malina cruise in the Beaufort Sea, we surveyed the PR di-
versity in different water masses using the same primer set
and compared the composition of DNA and cDNA libraries
(Fig. 5). An alphaproteobacterial group entirely composed of
Arctic sequences that we called “Arctic” dominated in most
surface libraries, conﬁrming earlier results of Cottrell and
Kirchman (2009). Contributions of SAR11 sequences were
higher in cDNA than in DNA libraries, suggesting that this
clade is highly active in Arctic waters (Boeuf, 2013). With
the exception of Mackenzie plume samples, high proportions
of gammaproteobacterial PR mostly composed of SAR92-
like and IMCC2047-like sequences were found in DNA li-
braries. Only a few clones aligned with the SAR86 clade of
PR genes, which was reported to comprise the majority of
Antarctic pelagic PR sequences (Béjà et al., 2001). Addition-
ally,coastalsurfaceandMackenzieplumelibrariescontained
signiﬁcant amounts of Flavobacteria sequences. In contrast
with AAP community composition, only a limited number of
few betaproteobacterial PR sequences were obtained along
the Mackenzie plume although primer sets targeting fresh-
water clades were speciﬁcally tested. Our study revealed
that Beaufort Sea PR sequences did not match closely with
Antarctic ones, supporting the fact that PR genes from the
Northern and Southern hemispheres are not similar.
3.3.2 Abundance in the Arctic Ocean
Unlike Cyanobacteria and AAP bacteria, abundance of PR
prokaryotes cannot be estimated using direct methods such
as ﬂow cytometry or epiﬂuorescence microscopy. Quantita-
tive PCR (qPCR) is the technique that has been most used
to examine the distribution of PR genes (Campbell et al.,
2008; Riedel et al., 2010; Suzuki et al., 2001) and to mea-
sure their expression in natural waters (Lami et al., 2009).
Alternatively, the abundance of PR genes has been evaluated
from the frequency of clones carrying PR genes in environ-
mental DNA libraries (Rusch et al., 2007; Sabehi et al., 2005;
Venter et al., 2004).
Proteorhodopsin-containing bacteria have been estimated
to contribute for up to 65% (mean of 50%) of the bacte-
rial community in the Sargasso Sea, from 7 to 57% (mean of
23%) in the north Atlantic Ocean, about 13% in the Mediter-
ranean Sea and 35% in the North Sea (Campbell et al., 2008;
Riedel et al., 2010; Rusch et al., 2007; Sabehi et al., 2005;
Venter et al., 2004). Alphaproteobacterial groups represent
generally the highest fraction among PR bacteria. Among
them, the ubiquitous SAR11-like cluster is the only one to
contribute to 10% of the overall community and almost 18%
in the Sargasso and Mediterranean seas (Boeuf, 2013; Camp-
bell et al., 2008).
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Figure 6. Schematic diagram representing the changes in abun-
dance (a) and diversity (b) of major PR bacterial clades along an
onshore–offshore transect of the Beaufort Sea. Total PR abundance
(a) was calculated by summing the relative proportions of the eight
most abundant clades in the clone libraries (Fig. 5).
Inpolarmarinewaters,PRbacteriaweredetectedthrough-
out the annual cycle (Cottrell and Kirchman, 2009; Williams
et al., 2012) but their abundance has not been extensively
assessed. Cottrell and Kirchman (2009) compared the sea-
sonal abundance of two clades retrieved from two coastal
sites of the Chukchi and Beaufort seas. Their abundance was
not found to differ signiﬁcantly between summer and winter.
Using the set of PR sequences previously ampliﬁed from the
Beaufort Sea (Boeuf, 2013), we designed qPCR primers to
target the most abundant groups in the libraries. By adding
together their abundance estimates, these groups accounted
between 0.9% and 44.7% (mean of 15.3%) of the total bac-
terial community (Fig. 6a) (Boeuf, 2013). The ubiquitous
SAR11-like PR clade dominated in the Beaufort Sea and was
preferentially distributed offshore and above the deep chloro-
phyll maximum where mean contributions exceeded 10%
of the total bacterial community (Fig. 6b). This contribution
is close to the percentage of SAR11 16S rRNA gene deter-
mined from pyrosequencing data obtained from the western
Arctic Ocean (Kirchman et al., 2010). Consistent with clone
library data, the “Arctic” clade, the second most abundant PR
clade in the libraries, was preferentially distributed in surface
waters. It represented up to 24% of the offshore bacterial
community. The alphaproteobacterial HOT2C01 cluster was
found in high proportions in Sargasso Sea (26%) while de-
creasing to 8% in the north Atlantic (Campbell et al., 2008).
In the Beaufort Sea, this cluster was mostly present in coastal
areas but its contribution was low (2%) (Boeuf, 2013). Sur-
prisingly, although proportions of PR Gammaproteobacteria
were high in most clone libraries where they overdominated
at depth (Fig. 5), they represented a minor fraction of the to-
tal bacterial community in all samples (mean <1%). These
results indicate that relative frequencies of PR genes in clone
libraries do not reﬂect their real abundance in natural com-
munities. Our quantitative data indicate that PR genes are
abundant in the Beaufort Sea, suggesting the high contribu-
tion of PR phototrophy in Arctic waters. Alphaproteobacte-
rial PR genes dominate, and their distribution in coastal and
offshore waters suggests that factors other than light control
their abundance.
4 Potential impact of global change
The Arctic Ocean is a key player in global climate regula-
tion as well as a particularly sensitive system that has al-
ready undergone serious perturbations due to climate warm-
ing (Camill, 2005; Peterson et al., 2002). The total volume
and extent of the sea ice are decreasing (Walsh, 2008) lead-
ing to an increase of river runoff (Peterson et al., 2002) and
a decrease in the surface layer salinity of the Arctic Ocean
(ACIA, 2005). An additional consequence is the accelerat-
ing permafrost melting (Nelson, 2003) and coastal erosion
(Racholdetal.,2000).Theincreasingdeliveryoforganiccar-
bon is suspected to enhance the mineralization process car-
ried out by heterotrophic bacteria in the estuarine and coastal
Arctic Ocean (Meon and Amon, 2004) and thus release a
large amount of CO2 into the atmosphere (Kling et al., 1991).
Excluding the potential shift of surrounding oceans’ connec-
tions, currents, and icecap drifting (Hopcroft et al., 2008)
that may profoundly affect bacterial communities at both re-
gional and global scales, global warming could impact bac-
terioplankton by modifying its local environment (physical
aspect) and its nutrient sources and interactions in the food
web (biotic aspect). The lengthening of the open-water pe-
riod is likely to stimulate primary production via increased
light availability, which in turn would enhance bacteria pro-
duction (Arrigo et al., 2008; Zhang et al., 2010). These mod-
els all assume that more open water will lead to increased
mixing and entrainment of nutrients into the upper water col-
umn. Alternatively, the freshening of the Arctic could lead to
stronger salinity stratiﬁcation and fewer nutrients being en-
trained into the euphotic zone.
In the Beaufort Sea, distributions of AAP and PR bacteria
and their relationships with environmental parameters show
strong differences. The most abundant AAP bacterial clade is
stronglyinﬂuencedbynutrient-richriverinputs.Thefreshen-
ing of the Arcticcoastal regions could thereforefavor the sur-
vival of halotolerant freshwater AAP bacteria and expansion
oftheirhabitat(Boeuf,2013).Theimpactofthephototrophic
lifestyle on energy requirements and carbon metabolism of
these bacteria is unknown. Examination of their distribution
in other Arctic coastal regions and their contribution to bio-
geochemical cycling is needed.
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The decrease in ice thickness and the shift from perennial
ice pack to seasonal ice (Perovich, 2011) could favor mas-
sive under-ice phytoplankton blooms in the Arctic (Arrigo et
al., 2012). Such structural shifts of Arctic marine ecosystems
could in turn be favorable to AAP bacteria of the Roseobac-
ter clade (González et al., 2000; Suzuki et al., 2001) and
PR groups (Flavobacteriaceae, alphaproteobacterial "Arctic"
clade, and gammaproteobacterial SAR92 clade) that exhibit
a strong responsiveness to phytoplankton blooms. A long-
term consequence of further increasing stratiﬁcation will be
reduction of the vertical ﬂux of nutrients to the euphotic
zone and decreasing productivity. Low-nutrient conditions in
the upper Beaufort Sea could therefore be particularly favor-
able to bacterial groups adapted to oligotrophic conditions
(SAR11 and other alphaproteobacterial PR groups) whose
photoheterotrophic capabilities provide a competitive advan-
tage (Gómez-Consarnau et al., 2010; Steindler et al., 2011).
The current knowledge suggests that microbial processes
in the Arctic Ocean are particularly sensitive to environ-
mental changes and have potentially large impacts on car-
bon ﬂows and other ecosystem functions. The way photo-
heterotrophic microbes adjust to these changes will probably
have impacts on the marine ecosystem of the Arctic Ocean.
Understanding how they interact and inﬂuence higher food
webs as well as biogeochemical cycling in this system is nec-
essary. Future research should examine communities present
in less-explored central Arctic regions and include thorough
analysis of seasonal inﬂuences on microbial processes.
Acknowledgements. This study was conducted as part of the
Malina Scientiﬁc Program funded by ANR (Agence nationale
de la recherche), INSU-CNRS (Institut National des Sciences de
l’Univers – Centre National de la Recherche Scientiﬁque), CNES
(Centre National d’Etudes Spatiales), and ESA (European Space
Agency). This work was supported by the ANR RHOMEO
(ANR-11-BSV7-021-02) and the FP7 European Union program
MicroB3 (UE-contract-287589). We thank all participants of the
Malina cruise for their help, especially M. Babin who coordinated
the project, K. Lévesque for the logistics, and all the R/V CCGS
Amundsen crew members. D. Boeuf and F. Humily were supported
by grants from the French Ministry of Higher Education and
Research and from ANR, respectively.
Edited by: M. Babin
References
Aagaard, K. and Coachman, L.: Toward an ice-free Arctic ocean,
Eos, Transactions American Geophysical Union, 56, 484–486,
1975.
Aagaard, K., Swift, J. H., and Carmack, E. C.: Thermohaline cir-
culation in the Arctic Mediterranean Seas, J. Geophys. Res.:
Oceans, 90, 4833–4846, doi:10.1029/JC090iC03p04833, 1985.
ACIA: Arctic climate impact assessment, Cambridge University
Press, 2005.
Ahlgren, N. A. and Rocap, G.: Diversity and distribution of marine
Synechococcus: multiple gene phylogenies for consensus classi-
ﬁcation and development of qPCR assays for sensitive measure-
ment of clades in the ocean, Frontiers in Microbiology, 3, 1–24,
doi:10.3389/fmicb.2012.00213, 2012.
Alonso-Sáez, L., Sánchez, O., Gasol, J. M., Balagué, V., and
Pedrós-Alio, C.: Winter-to-summer changes in the composition
and single-cell activity of near-surface Arctic prokaryotes, Envi-
ron. Microbiol., 10, 2444–2454, 2008.
Alonso-Sáez, L., Galand, P. E., Casamayor, E. O., Pedrós-Alió, C.,
and Bertilsson, S.: High bicarbonate assimilation in the dark by
Arctic bacteria, ISME J., 4, 1581–1590, 2010.
Amon, R. M. W.: The role of dissolved organic matter for the or-
ganic carbon cycle in the Arctic Ocean, in: The Organic Car-
bon Cycle in the Arctic Ocean, edited by: Stein, R. and Macdon-
ald, R. W., Springer, Berlin, 2004.
Arrigo, K. R., van Dijken, G., and Pabi, S.: Impact of a shrinking
Arctic ice cover on marine primary production, Geophys. Res.
Lett., 35, 1–6, 2008.
Arrigo, K. R., Perovich, D. K., Pickart, R. S., Brown, Z. W., van
Dijken, G. L., Lowry, K. E., Mills, M. M., Palmer, M. A.,
Balch, W. M., and Bahr, F.: Massive phytoplankton
blooms under Arctic Sea ice, Science, 336, 1408–1408,
doi:10.1126/science.1215065, 2012.
Atamna-Ismaeel, N., Sabehi, G., Sharon, I., Witzel, K. P.,
Labrenz, M., Jürgens, K., Barkay, T., Stomp, M., Huisman, J.,
and Béjà, O.: Widespread distribution of proteorhodopsins in
freshwater and brackish ecosystems, ISME J., 2, 656–662, 2008.
Baldwin, A. J., Moss, J. A., Pakulski, J. D., Catala, P., Joux, F., and
Jeffrey, W. H.: Microbial diversity in a Paciﬁc Ocean transect
from the Arctic to Antarctic circles, Aquat. Microb. Ecol., 41,
91–102, 2005.
Balzano, S., Marie, D., Gourvil, P., and Vaulot, D.: Composition of
the summer photosynthetic pico and nanoplankton communities
in the Beaufort Sea assessed by T-RFLP and sequences of the
18S rRNA gene from ﬂow cytometry sorted samples, ISME J., 6,
1480-1498, 2012.
Bano, N. and Hollibaugh, J. T.: Phylogenetic composition of bacte-
rioplankton assemblages from the Arctic Ocean, Appl. Environ.
Microbiol., 68, 505-518, 2002.
Béjà, O., Aravind, L., Koonin, E. V., Suzuki, M. T., Hadd, A.,
Nguyen, L. P., Jovanovich, S. B., Gates, C. M., Feldman, R. A.,
Spudich, J. L., Spudich, E. N., and DeLong, E. F.: Bacterial
Rhodopsin: evidence for a new type of phototrophy in the sea,
Science, 289, 1902–1906, 2000.
Béjà, O., Spüdich, E. N., Spüdich, J. L., Leclerc, M., and De-
Long, E. F.: Proteorhodopsin phototrophy in the ocean, Nature,
411, 786–789, 2001.
Béjà, O., Suzuki, M. T., Heidelberg, J. F., Nelson, W. C., Pre-
ston, C. M., Hamada, T., Eisen, J. A., Fraser, C. M., and De-
Long, E. F.: Unsuspected diversity among marine aerobic anoxy-
genic phototrophs, Nature, 415, 630–633, 2002.
Boeuf, D.: Importance Ecologique des Bactéries Photohétérotro-
phes dans l’Océan Arctique, Ph.D. Ecole Doctorale des Sciences
de l’Environnement d’Ile de France, UMR7144 Adaptation et
Diversité en Milieu Marin (Station Biologique de Roscoff), Uni-
versité Pierre et Marie Curie, Paris, 352 pp., 2013.
Bowman, J. S., Rasmussen, S., Blom, N., Deming, J. W., Rys-
gaard, S., and Sicheritz-Ponten, T.: Microbial community struc-
www.biogeosciences.net/11/3309/2014/ Biogeosciences, 11, 3309–3322, 20143318 D. Boeuf et al.: Diversity of Arctic pelagic bacteria
ture of Arctic multiyear sea ice and surface seawater by 454 se-
quencing of the 16S RNA gene, ISME J., 6, 11–20, 2012.
Buck, K., Chavez, F., and Campbell, L.: Basin-wide distributions of
living carbon components and the inverted trophic pyramid of the
central gyre of the North Atlantic Ocean, summer 1993, Aquat.
Microb. Ecol., 10, 283–298, 1996.
Camill, P.: Permafrost thaw accelerates in boreal peatlands during
late-20th century climate warming, Climatic Change, 68, 135–
152, 2005.
Campbell, B. J., Waidner, L. A., Cottrell, M. T., and Kirch-
man, D. L.: Abundant proteorhodopsin genes in the North At-
lantic Ocean, Environ. Microbiol., 10, 99–109, 2008.
Carmack,E.,Barber,D.,Christensen,J.,Macdonald,R.,Rudels,B.,
and Sakshaug, E.: Climate variability and physical forcing of
the food webs and the carbon budget on panarctic shelves, Prog.
Oceanogr., 71, 145–181, 2006.
Cauwet, G. and Sidorov, I.: The biogeochemistry of Lena River:
organic carbon and nutrients distribution, Mar. Chem., 53, 211–
227, 1996.
Coachman, L. K. and Aagaard, K.: Physical Oceanography of Arc-
tic and Subarctic Seas, DTIC Document, 1974.
Collins, R. E., Rocap, G., and Deming, J. W.: Persistence of bacte-
rialandarchaealcommunitiesinseaicethroughanArcticwinter,
Environ. Microbiol., 12, 1828–1841, 2010.
Comeau, A. M., Li, W. K. W., Tremblay, J. É., Carmack, E. C.,
and Lovejoy, C.: Arctic Ocean microbial community structure
before and after the 2007 record sea ice minimum, PLoS ONE,
6, e27492, doi:10.1371/journal.pone.0027492, 2011.
Cottrell,M.T.andKirchman,D.L.:Photoheterotrophicmicrobesin
the Arctic Ocean in summer and winter, Appl. Environ. Microb.,
75, 4958–4966, 2009.
Cottrell, M. T., Mannino, A., and Kirchman, D. L.: Aerobic anoxy-
genic phototrophic bacteria in the Mid-Atlantic Bight and the
North Paciﬁc Gyre, Appl. Environ. Microb., 72, 557–564, 2006.
Cottrell, M. T., Ras, J., and Kirchman, D. L.: Bacteriochlorophyll
and community structure of aerobic anoxygenic phototrophic
bacteria in a particle-rich estuary, ISME J., 4, 945–954, 2010.
de la Torre, J. R., Christianson, L. M., Béjà, O., Suzuki, M. T.,
Karl, D. M., Heidelberg, J., and DeLong, E. F.: Prote-
orhodopsin genes are distributed among divergent marine bac-
terial taxa, P. Natl. Acad. Sci. USA, 100, 12830–12835,
doi:10.1073/pnas.2133554100, 2003.
DeLong, E. F., Preston, C. M., Mincer, T., Rich, V., Hallam, S. J.,
Frigaard, N. U., Martinez, A., Sullivan, M. B., Edwards, R.,
and Brito, B. R.: Community genomics among stratiﬁed micro-
bial assemblages in the ocean’s interior, Science, 311, 496–503,
2006.
Díez, B., Bergman, B., Pedrós-Alió, C., Antó, M., and Snoeijs, P.:
High cyanobacterial nifH gene diversity in Arctic seawater and
sea ice brine, Environ. Microbiol., 4, 360–366, 2012.
DuRand, M. D., Olson, R. J., and Chisholm, S. W.: Phytoplankton
population dynamics at the Bermuda Atlantic Time-series station
in the Sargasso Sea, Deep-Sea Res. Pt. II, 48, 1983–2003, 2001.
Elifantz, H., Dittel, A. I., Cottrell, M. T., and Kirchman, D. L.:
Dissolved organic matter assimilation by heterotrophic bacterial
groups in the western Arctic Ocean, Aquat. Microb. Ecol., 50,
39, 2007.
Ferrari, V. and Hollibaugh, J.: Distribution of microbial assem-
blages in the Central Arctic Ocean Basin studied by PCR/DGGE:
analysis of a large data set, Hydrobiologia, 401, 55–68, 1999.
Frigaard, N. U., Martinez, A., Mincer, T. J., and DeLong, E. F.:
Proteorhodopsin lateral gene transfer between marine planktonic
Bacteria and Archaea, Nature, 439, 847–850, 2006.
Fu, Y., MacLeod, D. M., Rivkin, R. B., Chen, F., Buchan, A., and
Lang, A. S.: High diversity of Rhodobacterales in the subarctic
North Atlantic Ocean and gene transfer agent protein expression
in isolated strains, Aquat. Microb. Ecol., 59, 283–293, 2010.
Galand, P. E., Lovejoy, C., Pouliot, J., Garneau, M. E., and Vincent,
W. F.: Microbial community diversity and heterotrophic produc-
tion in a coastal Arctic ecosystem: A stamukhi lake and its source
waters, Limnol. Oceanogr., 53, 813–823, 2008.
Galand, P. E., Casamayor, E. O., Kirchman, D. L., and Love-
joy, C.: Ecology of the rare microbial biosphere of the
Arctic Ocean, Proc. Natl. Acad. Sci., 106, 22427–22432,
doi:10.1073/pnas.0908284106, 2009.
Galand, P. E., Potvin, M., Casamayor, E. O., and Lovejoy, C.:
Hydrography shapes bacterial biogeography of the deep Arctic
Ocean, ISME J., 4, 564–576, 2010.
Garneau, M. È., Vincent, W. F., Alonso-Sáez, L., Gratton, Y., and
Lovejoy, C.: Prokaryotic community structure and heterotrophic
production in a river-inﬂuenced coastal arctic ecosystem, Aquat.
Microb. Ecol., 42, 27–40, 2006.
Garneau, M. È., Roy, S., Lovejoy, C., Gratton, Y., and Vincent, W.
F.: Seasonal dynamics of bacterial biomass and production in a
coastal arctic ecosystem: Franklin Bay, western Canadian Arc-
tic, J. Geophys. Res., 113, C07S91, doi:10.1029/2007JC004281,
2008.
Ghiglione, J. and Murray, A.: Pronounced summer to winter differ-
ences and higher wintertime richness in coastal Antarctic marine
bacterioplankton, Environ. Microbiol., 14, 617–629, 2012.
Ghiglione, J. F., Galand, P. E., Pommier, T., Pedrós-Alió, C., Maas,
E. W., Bakker, K., Bertilson, S., Kirchman, D. L., Lovejoy,
C., and Yager, P. L.: Pole-to-pole biogeography of surface and
deep marine bacterial communities, Proc. Natl. Acad. Sci., 109,
17633–17638, 2012.
Giovannoni, S. J. and Stingl, U.: Molecular diversity and ecology
of microbial plankton, Nature, 437, 343–348, 2005.
Giovannoni, S. J., Bibbs, L., Cho, J. C., Stapels, M. D., Desiderio,
R., Vergin, K. L., Rappé, M. S., Laney, S., Wilhelm, L. J., and
Tripp, H. J.: Proteorhodopsin in the ubiquitous marine bacterium
SAR11, Nature, 438, 82–85, 2005.
Gómez-Consarnau, L., González, J. M., Coll-Lladó, M., Gourdon,
P., Pascher, T., Neutze, R., Pedrós-Alió, C., and Pinhassi, J.:
Light stimulates growth of proteorhodopsin-containing marine
Flavobacteria, Nature, 445, 210–213, 2007.
Gómez-Consarnau, L., Akram, N., Lindell, K., Pedersen, A.,
Neutze, R., Milton, D. L., González, J. M., and Pinhassi,
J.: Proteorhodopsin Phototrophy Promotes Survival of Ma-
rine Bacteria during Starvation, PLoS Biol., 8, e1000358,
doi:10.1371/journal.pbio.1000358, 2010.
González, J. M., Simó, R., Massana, R., Covert, J. S., Casamayor,
E. O., Pedrós-Alió, C., and Moran, M. A.: Bacterial com-
munity structure associated with a dimethylsulfoniopropionate-
producing North Atlantic algal bloom, Appl. Environ. Micro-
biol., 66, 4237–4246, 2000.
Biogeosciences, 11, 3309–3322, 2014 www.biogeosciences.net/11/3309/2014/D. Boeuf et al.: Diversity of Arctic pelagic bacteria 3319
González, J. M., Fernández-Gómez, B., Fernàndez-Guerra, A.,
Gómez-Consarnau, L., Sánchez, O., Coll-Lladó, M., Del Campo,
J., Escudero, L., Rodríguez-Martínez, R., and Alonso-Sáez, L.:
Genome analysis of the proteorhodopsin-containing marine bac-
terium Polaribacter sp. MED152 (Flavobacteria), Proc. Natl.
Acad. Sci., 105, 8724–8729, doi:10.1073/pnas.0712027105,
2008.
Gradinger, R. and Lenz, J.: Picocyanobacteria in the high Arctic,
Mar. Ecol. Prog. Ser., 52, 99–101, 1989.
Harashima, K., Shiba, T., Totsuka, T., Simidu, U., and Taga, N.:
Occurrence of bacteriochlorophyll a in a strain of an aerobic het-
erotrophic bacterium, Agric. Biol. Chem., 42, 1627–1628, 1978.
Hojerová, E., Mašín, M., Brunet, C., Ferrera, I., Gasol, J. M., and
Koblížek, M.: Distribution and Growth of Aerobic Anoxygenic
Phototrophs in the Mediterranean Sea, Environ. Microbiol., 13,
2717–2725, doi:10.1111/j.1462-2920.2011.02540.x, 2011.
Hopcroft, R., Bluhm, B., Gradinger, R., Whitledge, T., Weingartner,
T., Norcross, B., and Springer, A.: Arctic ocean synthesis: Anal-
ysis of climate change impacts in the Chukchi and beaufort seas
with strategies for future research, Institute of Marine Science,
University of Alaska, Fairbanks, 2008.
Hu, Y., Du, H., Jiao, N., and Zeng, Y.: Abundant presence of the
γ-like Proteobacterial pufM gene in oxic seawater, FEMS Mi-
crobiol. Lett., 263, 200–206, 2006.
Huang, S., Wilhelm, S. W., Harvey, H. R., Taylor, K., Jiao, N., and
Chen, F.: Novel lineages of Prochlorococcus and Synechococcus
in the global oceans, ISME J., 6, 285–297, 2012.
Jeanthon, C., Boeuf, D., Dahan, O., Le Gall, F., Garczarek, L.,
Bendif, E. M., and Lehours, A.-C.: Diversity of cultivated and
metabolically active aerobic anoxygenic phototrophic bacteria
along an oligotrophic gradient in the Mediterranean Sea, Bio-
geosciences, 8, 1955–1970, doi:10.5194/bg-8-1955-2011, 2011.
Jiao, N., Zhang, Y., Zeng, Y., Hong, N., Liu, R., Chen, F., and Wang,
P.: Distinct distribution pattern of abundance and diversity of aer-
obic anoxygenic phototrophic bacteria in the global ocean, Env-
iron. Microbiol., 9, 3091–3099, 2007.
Johnson, Z. I., Zinser, E. R., Coe, A., McNulty, N. P., Wood-
ward, E. M. S., and Chisholm, S. W.: Niche partitioning among
Prochlorococcus ecotypes along ocean-scale environmental gra-
dients, Science, 311, 1737–1740, doi:10.1126/science.1118052,
2006.
Kaneko, T., Atlas, R. M., and Krichevsky, M.: Diversity of bacterial
populations in the Beaufort Sea, Nature, 270, 596–599, 1977.
Karr, E. A., Sattley, W. M., Jung, D. O., Madigan, M. T., and Achen-
bach,L.A.:Remarkablediversityofphototrophicpurplebacteria
in a permanently frozen Antarctic lake, Appl. Environ. Micro-
biol., 69, 4910–4914, 2003.
Kellogg, C. T. and Deming, J. W.: Comparison of free-living, sus-
pended particle, and aggregate-associated bacterial and archaeal
communities in the Laptev Sea, Aquat. Microb. Ecol., 57, 1–18,
2009.
Kirchman, D. L., Elifantz, H., Dittel, A. I., Malmstrom, R. R., and
Cottrell, M. T.: Standing stocks and activity of Archaea and Bac-
teria in the western Arctic Ocean, Limnol. Oceanogr., 52, 495–
507, 2007.
Kirchman, D. L., Cottrell, M. T., and Lovejoy, C.: The structure of
bacterial communities in the western Arctic Ocean as revealed
by pyrosequencing of 16S rRNA genes, Environ. Microbiol., 12,
1132–1143, 2010.
Kling, G. W., Kipphut, G. W., and Miller, M. C.: Arctic
lakes and streams as gas conduits to the atmosphere: Im-
plications for tundra carbon budgets, Science, 251, 298–301,
doi:10.1126/science.251.4991.298, 1991.
Koblížek, M., Mašín, M., Ras, J., Poulton, A. J., and Prášil, O.:
Rapid growth rates of aerobic anoxygenic phototrophs in the
ocean, Environ. Microbiol., 9, 2401–2406, 2007.
Koh, E. Y., Atamna-Ismaeel, N., Martin, A., Cowie, R. O. M., Béjà,
O., Davy, S. K., Maas, E. W., and Ryan, K. G.: Proteorhodopsin-
bearing bacteria in Antarctic sea ice, Appl. Environ. Microbiol.,
76, 5918–5925, 2010.
Koh, E. Y., Phua, W., and Ryan, K. G.: Aerobic anoxygenic pho-
totrophic bacteria in Antarctic sea ice and seawater, Environ. Mi-
crobiol. Rep., 3, 710–716, 2011.
Koh, E. Y., Cowie, R. O. M., Simpson, A. M., O’Toole, R., and
Ryan, K. G.: The origin of cyanobacteria in Antarctic sea ice:
marine or freshwater?, Environ. Microbiol. Rep., 4, 479–483,
2012.
Kolber, Z. S., Van Dover, C. L., Niederman, R. A., and Falkowski, P.
G.: Bacterial photosynthesis in surface waters of the open ocean,
Nature, 407, 177–179, 2000.
Kolber, Z. S., Gerald , F., Plumley, Lang, A. S., Beatty, J. T.,
Blankenship, R. E., VanDover, C. L., Vetriani, C., Koblizek, M.,
Rathgeber, C., and Falkowski, P. G.: Contribution of Aerobic
Photoheterotrophic Bacteria to the Carbon Cycle in the Ocean,
Science, 292, 2492–2495, doi:10.1126/science.1059707, 2001.
Lami, R., Cottrell, M. T., Ras, J., Ulloa, O., Obernosterer, I.,
Claustre, H., Kirchman, D. L., and Lebaron, P.: High abun-
dances of aerobic anoxygenic photosynthetic bacteria in the
South Paciﬁc Ocean, Appl. Environ. Microbiol., 73, 4198–4205,
doi:10.1128/AEM.02652-06, 2007.
Lami, R., Cottrell, M. T., Campbell, B. J., and Kirchman, D.
L.: Light-dependent growth and proteorhodopsin expression by
Flavobacteria and SAR11 in experiments with Delaware coastal
waters, Environ. Microbiol., 11, 3201–3209, doi:10.1111/j.1462-
2920.2009.02028.x., 2009.
Lamy, D., Jeanthon, C., Cottrell, M. T., Kirchman, D. L., Van
Wambeke, F., Ras, J., Dahan, O., Pujo-Pay, M., Oriol, L., Bariat,
L., Catala, P., Cornet-Barthaux, V., and Lebaron, P.: Ecology of
aerobic anoxygenic phototrophic bacteria along an oligotrophic
gradient in the Mediterranean Sea, Biogeosciences, 8, 973–985,
doi:10.5194/bg-8-973-2011, 2011.
Lehours, A. C., Cottrell, M. T., Dahan, O., Kirchman, D. L.,
and Jeanthon, C.: Summer distribution and diversity of aerobic
anoxygenic phototrophic bacteria in the Mediterranean Sea in
relation to environmental variables, FEMS Microbiol. Ecol., 74,
397–409, doi:10.1111/j.1574-6941.2010.00954.x, 2010.
Li, W. K. W.: Primary production of prochlorophytes, cyanobacte-
ria, and eucaryotic ultraphytoplankton: measurements from ﬂow
cytometric sorting, Limnol. Oceanogr., 39, 169–175, 1994.
Li, W. K. W.: Annual average abundance of heterotrophic bacteria
and Synechococcus in surface ocean waters, Limnol. Oceanogr.,
43, 1746–1753, 1998.
Li, W. K. W.: From cytometry to macroecology: a quarter century
quest in microbial oceanography, Aquat. Microb. Ecol., 57, 239–
251, 2009.
Lin, L., He, J., Zhao, Y., Zhang, F., and Cai, M.: Flow cytometry in-
vestigation of picoplankton across latitudes and along the circum
Antarctic Ocean, Acta Oceanol. Sin., 31, 134–142, 2012.
www.biogeosciences.net/11/3309/2014/ Biogeosciences, 11, 3309–3322, 20143320 D. Boeuf et al.: Diversity of Arctic pelagic bacteria
Malmström, R. R., Kiene, R. P., Vila, M., and Kirchman, D.
L.: Dimethylsulfoniopropionate (DMSP) assimilation by Syne-
chococcus in the Gulf of Mexico and northwest Atlantic Ocean,
Limnol. Oceanogr., 50, 1924–1931, 2005.
Malmström, R. R., Straza, T. R. A., Cottrell, M. T., and Kirchman,
D. L.: Diversity, abundance, and biomass production of bacterial
groups in the western Arctic Ocean, Aquat. Microb. Ecol., 47,
45–55, 2007.
Man, D., Wang, W., Sabehi, G., Aravind, L., Post, A. F., Massana,
R., Spüdich, E. N., Spüdich, J. L., and Béjà, O.: Diversiﬁcation
and spectral tuning in marine proteorhodopsins, EMBO J., 22,
1725–1731, 2003.
Marchant, H. J., Davidson, A. T., and Wright, S. W.: The Distri-
bution and Abundance of Chroococcoid Cyanobacteria in the
Southern Ocean, National Institute of Polar Research, 1987.
Mašín, M., Zdun, A., Ston-Egiert, J., Nausch, M., Labrenz, M.,
Moulisova, V., and Koblížek, M.: Seasonal changes and diver-
sity of aerobic anoxygenic phototrophs in the Baltic Sea, Aquat.
Microb. Ecol., 45, 247–254, 2006.
Meon, B. and Amon, R. M. W.: Heterotrophic bacterial activity and
ﬂuxes of dissolved free amino acids and glucose in the Arctic
rivers Ob, Yenisei and the adjacent Kara Sea, Aquat. Microb.
Ecol., 37, 121–135, 2004.
Michelou, V. K., Cottrell, M. T., and Kirchman, D. L.: Light-
stimulated bacterial production and amino acid assimilation by
cyanobacteria and other microbes in the North Atlantic Ocean,
Appl. Environ. Microbiol., 73, 5539–5546, 2007.
Murphy, L. and Haugen, E.: The distribution and abundance of pho-
totrophic ultraplankton in the North Atlantic, Limnol. Oceanogr.,
30, 47–58, 1985.
Nelson, F. E.: (Un) frozen in time, Science, 299, 1673–1675,
doi:10.1126/science.1081111, 2003.
Niederberger, T. D., Perreault, N. N., Tille, S., Lollar, B. S.,
Lacrampe-Couloume, G., Andersen, D., Greer, C. W., Pollard,
W., and Whyte, L. G.: Microbial characterization of a subzero,
hypersaline methane seep in the Canadian High Arctic, ISME J.,
4, 1326–1339, 2010.
Nikrad, M. P., Cottrell, M. T., and Kirchman, D. L.: Abundance
and Single-Cell Activity of Heterotrophic Bacterial Groups in
the Western Arctic Ocean in Summer and Winter, Appl. Environ.
Microbiol., 78, 2402–2409, doi:10.1128/aem.07130-11, 2012.
Oesterhelt, D. and Stoeckenius, W.: Rhodopsin-like protein from
the purple membrane of Halobacterium halobium, Nature, 233,
149–152, 1971.
Opsahl, S., Benner, R., and Amon, R. M. W.: Major ﬂux of terrige-
nous dissolved organic matter through the Arctic Ocean, Limnol.
Oceanogr., 44, 2017–2023, 1999.
Ortega-Retuerta, E., Jeffrey, W. H., Babin, M., Bélanger, S., Ben-
ner, R., Marie, D., Matsuoka, A., Raimbault, P., and Joux, F.:
CarbonﬂuxesintheCanadianArctic:patternsanddriversofbac-
terial abundance, production and respiration on the Beaufort Sea
margin, Biogeosciences, 9, 3679–3692, doi:10.5194/bg-9-3679-
2012, 2012.
Ortega-Retuerta, E., Joux, F., Jeffrey, W. H., and Ghiglione, J. F.:
Spatial variability of particle-attached and free-living bacterial
diversity in surface waters from the Mackenzie River to the
BeaufortSea(CanadianArctic),Biogeosciences,10,2747–2759,
doi:10.5194/bg-10-2747-2013, 2013.
Palenik, B., Brahamsha, B., Larimer, F., Land, M., Hauser, L.,
Chain, P., Lamerdin, J., Regala, W., Allen, E., and McCarren, J.:
The genome of a motile marine Synechococcus, Nature, 424,
1037–1042, 2003.
Partensky, F., Blanchot, J., and Vaulot, D.: Differential distribution
and ecology of Prochlorococcus and Synechococcus in oceanic
waters: a review, Bulletin-Institut Océanographique Monaco,
numéro spécial, 19, 457–476, 1999a.
Partensky, F., Hess, W., and Vaulot, D.: Prochlorococcus, a ma-
rine photosynthetic prokaryote of global signiﬁcance, Microbiol.
Mol. Biol. R., 63, 106–127, 1999b.
Perovich, D. K.: The changing Arctic sea ice cover, Oceanography,
24, 162–173, 2011.
Peterson, B. J., Holmes, R. M., McClelland, J. W., Vörös-
marty, C. J., Lammers, R. B., Shiklomanov, A. I., Shiklo-
manov, I. A., and Rahmstorf, S.: Increasing river discharge to
the Arctic Ocean, Science, 298, 2171–2173, 2002.
Pidwirny, M.: Introduction to the Oceans, in: Fundamentals of
Physical Geography, www.physicalgeography.net, 2nd Edn. Ch.
8, available at: http://www.physicalgeography.net/fundamentals/
8o.html, 2006.
Pommier, T., Canbäck, B., Riemann, L., Boström, K. H., Simu, K.,
Lundberg, P., Tunlid, A., and Hagström, Å.: Global patterns of
diversity and community structure in marine bacterioplankton,
Mol. Ecol., 16, 867–880, 2007.
Powell, L., Bowman, J., Skerratt, J., Franzmann, P., and Burton,
H.: Ecology of a novel Synechococcus clade occurring in dense
populations in saline Antarctic lakes, Mar. Ecol. Prog. Ser., 291,
65–80, 2005.
Prabagaran, S. R., Manorama, R., Delille, D., and Shivaji, S.: Pre-
dominance of Roseobacter, Sulﬁtobacter, Glaciecola and Psy-
chrobacter in seawater collected off Ushuaia, Argentina, Sub-
Antarctica, FEMS Microbiol. Ecol., 59, 342–355, 2007.
Rachold, V., Grigoriev, M. N., Are, F. E., Solomon, S., Reimnitz,
E., Kassens, H., and Antonow, M.: Coastal erosion vs riverine
sediment discharge in the Arctic Shelf seas, Int. J. Earth Sci., 89,
450–460, 2000.
Rathgeber, C., Beatty, J. T., and Yurkov, V.: Aerobic phototrophic
bacteria: new evidence for the diversity, ecological importance
and applied potential of this previously overlooked group, Pho-
tosynth. Res., 81, 113–128, 2004.
Riedel, T., Tomasch, J., Buchholz, I., Jacobs, J., Kollenberg,
M., Gerdts, G., Wichels, A., Brinkhoff, T., Cypionka, H.,
and Wagner-Döbler, I.: Constitutive expression of the prote-
orhodopsin gene by a Flavobacterium strain representative of the
proteorhodopsin-producing microbial community in the North
Sea, Appl. Environ. Microbiol., 76, 3187–3197, 2010.
Robineau, B., Legendre, L., Michel, C., Budéus, G., Kattner, G.,
Schneider, W., and Pesant, S.: Ultraphytoplankton abundances
and chlorophyll a concentrations in ice-covered waters of north-
ern seas, J. Plankton Res., 21, 735–755, 1999.
Rosenbergl, G.: Environmental control and potential fate of size-
fractionated phytoplankton production in the Greenland Sea
(75◦ N), Mar. Ecol. Prog. Ser., 98, 297–313, 1993.
Rusch, D. B., Halpern, A. L., Sutton, G., Heidelberg,
K., Williamson, S., and Yooseph, S.: The Sorcerer II
Global Ocean Sampling Expedition: Northwest Atlantic
through Eastern Tropical Paciﬁc, PLoS Biol., 5, e77,
doi:10.1371/journal.pbio.0050077, 2007.
Biogeosciences, 11, 3309–3322, 2014 www.biogeosciences.net/11/3309/2014/D. Boeuf et al.: Diversity of Arctic pelagic bacteria 3321
Sabehi, G., Beja, O., Suzuki, M. T., Preston, C. M., and
DeLong, E. F.: Different SAR86 subgroups harbour di-
vergent proteorhodopsins, Environ. Microbiol., 6, 903–910,
doi:10.1111/j.1462-2920.2004.00676.x, 2004.
Sabehi, G., Loy, A., Jung, K. H., Partha, R., Spudich, J. L.,
Isaacson, T., Hirschberg, J., Wagner, M., and Béjà, O.:
New insights into metabolic properties of marine bac-
teria encoding proteorhodopsins, PLoS Biol., 3, e273,
doi:10.1371/journal.pbio.0030273, 2005.
Salka, I., Moulisova, V., Koblížek, M., Jost, G., Jürgens, K., and
Labrenz, M.: Abundance, depth distribution, and composition of
aerobic bacteriochlorophyll a-producing bacteria in four basins
of the central Baltic Sea, Appl. Environ. Microbiol., 74, 4398–
4404, 2008.
Salka, I., ˇ Cuperová, Z., Mašín, M., Koblížek, M., and Grossart, H.
P.: Rhodoferax-related pufM gene cluster dominates the aero-
bic anoxygenic phototrophic communities in German freshwater
lakes, Environ. Microbiol., 13, 2865–2875, 2011.
Schwalbach, M. S. and Fuhrman, J. A.: Wide-ranging abundances
of aerobic anoxygenic phototrophic bacteria in the world ocean
revealed by epiﬂuorescence microscopy and quantitative PCR,
Limnol. Oceanogr., 50, 620–628, 2005.
Selje, N., Simon, M., and Brinkhoff, T.: A newly discovered
Roseobacter cluster in temperate and polar oceans, Nature, 427,
445–448, 2004.
Serreze, M. C., Barrett, A. P., Slater, A. G., Woodgate, R.
A., Aagaard, K., Lammers, R. B., Steele, M., Moritz, R.,
Meredith, M., and Lee, C. M.: The large-scale freshwater cy-
cle of the Arctic, J. Geophys. Res.: Oceans, 111, C11010,
doi:10.1029/2005JC003424, 2006.
Shiba, T., Simidu, U., and Taga, N.: Distribution of aerobic bacteria
which contain bacteriochlorophyll a, Appl. Environ. Microbiol.,
38, 43–45, 1979.
Sieracki, M. E., Gilg, I. C., Thier, E. C., Poulton, N. J., and
Goericke, R.: Distribution of planktonic aerobic anoxygenic
photoheterotrophic bacteria in the northwest Atlantic, Limnol.
Oceanogr., 51, 38–46, 2006.
Steindler, L., Schwalbach, M. S., Smith, D. P., Chan, F.,
and Giovannoni, S. J.: Energy Starved Candidatus Pelag-
ibacter Ubique Substitutes Light-Mediated ATP Production
for Endogenous Carbon Respiration, PLoS ONE, 6, e19725,
doi:10.1371/journal.pone.0019725, 2011.
Stingl, U., Desiderio, R. A., Cho, J. C., Vergin, K. L., and Giovan-
noni,S.J.:TheSAR92clade:anabundantcoastalcladeofcultur-
able marine bacteria possessing proteorhodopsin, Appl. Environ.
Microbiol., 73, 2290–2296, 2007.
Suzuki, M. T., Preston, C. M., Chavez, F. P., and DeLong, E. F.:
Quantitative mapping of bacterioplankton populations in sea-
water: ﬁeld tests across an upwelling plume in Monterey Bay,
Aquat. Microb. Ecol., 24, 117–127, 2001.
Veldhuis, M. J. W., Kraay, G. W., Van Bleijswijk, J. D. L., and
Baars, M. A.: Seasonal and spatial variability in phytoplank-
ton biomass, productivity and growth in the northwestern In-
dian Ocean: The southwest and northeast monsoon, 1992-1993,
Deep-Sea Res. Pt. I, 44, 425–449, 1997.
Venter, J. C., Remington, K., Heidelberg, J. F., Halpern, A. L.,
Rusch, D., Eisen, J. A., Wu, D., Paulsen, I., Nelson, K. E., Nel-
son, W., Fouts, D. E., Levy, S., Knap, A. H., Lomas, M. W.,
Nealson, K., White, O., Peterson, J., Hoffman, J., Parsons, R.,
Baden-Tillson, H., Pfannkoch, C., Rogers, Y.-H., and Smith, H.
O.: Environmental Genome Shotgun Sequencing of the Sargasso
Sea, Science, 304, 66–74, doi:10.1126/science.1093857, 2004.
Vincent, W., Bowman, J., Rankin, L., and McMeekin, T.: Phylo-
genetic diversity of picocyanobacteria in Arctic and Antarctic
ecosystems, in: Proceedings of the 8th International Symposium
on Microbial Ecology, Halifax, Canada, 317–322, 2000.
Waidner, L. A. and Kirchman, D. L.: Aerobic anoxygenic photosyn-
thesis genes and operons in uncultured bacteria in the Delaware
River, Environ. Microbiol., 7, 1896–1908, doi:10.1111/j.1462-
2920.2005.00883.x, 2005.
Waidner, L. A. and Kirchman, D. L.: Aerobic anoxygenic pho-
totrophic bacteria attached to particles in turbid waters of the
Delaware and Chesapeake estuaries, Appl. Environ. Microbiol.,
73, 3936–3944, 2007.
Waidner, L. A. and Kirchman, D. L.: Diversity and distribution of
ecotypes of the aerobic anoxygenic phototrophy gene, pufM, in
the Delaware estuary, Appl. Environ. Microbiol., 74, 4012–4021,
2008.
Waleron, M., Waleron, K., Vincent, W. F., and Wilmotte, A.: Al-
lochthonous inputs of riverine picocyanobacteria to coastal wa-
ters in the Arctic Ocean, FEMS Microbiol. Ecol., 59, 356-365,
2007.
Walsh, J. E.: Climate of the Arctic marine environment, Ecol. Appl.,
18, 3–22, 2008.
Wells, L. E. and Deming, J. W.: Abundance of Bacteria, the
Cytophaga-Flavobacterium cluster and Archaea in cold olig-
otrophic waters and nepheloid layers of the Northwest Passage,
Canadian Archipelago, Aquat. Microb. Ecol., 31, 19–31, 2003.
Wheeler, P. A., Gosselin, M., Sherr, E., Thibaultc, D., Kirchman,
D. L., Benner, R., and Whitledge, T. E.: Active cycling of or-
ganic carbon in the central Arctic Ocean, Nature, 380, 697–699,
doi:10.1038/380697a0, 1996.
Williams, T. J., Long, E., Evans, F., DeMaere, M. Z., Lauro, F. M.,
Raftery, M. J., Ducklow, H., Grzymski, J. J., Murray, A. E., and
Cavicchioli, R.: A metaproteomic assessment of winter and sum-
mer bacterioplankton from Antarctic Peninsula coastal surface
waters, ISME J., 6, 1883–1900, 2012.
Yoshizawa, S., Kawanabe, A., Ito, H., Kandori, H., and Kogure, K.:
Diversity and functional analysis of proteorhodopsin in marine
Flavobacteria, Environ. Microbiol., 14, 1240–1248, 2012.
Yurkov, V. V. and Beatty, J. T.: Aerobic anoxygenic phototrophic
bacteria, Microbiol. Mol. Biol. Rev., 62, 695–724, 1998.
Yutin, N., Suzuki, M. T., and Béjà, O.: Novel primers reveal wider
diversity among marine aerobic anoxygenic phototrophs, Appl.
Environ. Microbiol., 71, 8958–8962, 2005.
Yutin, N., Suzuki, M. T., Teeling, H., Weber, M., Venter, J. C.,
Rusch, D. B., and Béjà, O.: Assessing diversity and biogeog-
raphy of aerobic anoxygenic phototrophic bacteria in surface
waters of the Atlantic and Paciﬁc Oceans using the Global
Ocean Sampling expedition metagenomes, Environ. Microbiol.,
9, 1464–1475, 2007.
Zaballos, M., López-López, A., Ovreas, L., Bartual, S. G., D’Auria,
G., Alba, J. C., Legault, B., Pushker, R., Daae, F. L., and
Rodríguez-Valera, F.: Comparison of prokaryotic diversity at
offshore oceanic locations reveals a different microbiota in the
Mediterranean Sea, FEMS Microbiol. Ecol., 56, 389–405, 2006.
Zhang, J., Spitz, Y. H., Steele, M., Ashjian, C., Campbell, R.,
Berline, L., and Matrai, P.: Modeling the impact of declining sea
www.biogeosciences.net/11/3309/2014/ Biogeosciences, 11, 3309–3322, 20143322 D. Boeuf et al.: Diversity of Arctic pelagic bacteria
ice on the Arctic marine planktonic ecosystem, J. Geophys. Res.:
Oceans, 115, C10015, doi:10.1029/2009JC005387, 2010.
Zobell, C. E. (Ed.): Marine microbiology. A monograph on hy-
drobacteriology, Chronica Botánica Company, Waltham, USA,
1946.
Zubkov, M. V. and Tarran, G. A.: Amino acid uptake of Prochloro-
coccus spp. in surface waters across the South Atlantic Subtrop-
ical Front, Aquat. Microb. Ecol., 40, 241–249, 2005.
Zwirglmaier, K., Jardillier, L., Ostrowski, M., Mazard, S., Gar-
czarek, L., Vaulot, D., Massana, R., Ulloa, O., and Scanlan,
D. J.: Global phylogeography of marine Synechococcus and
Prochlorococcusrevealsadistinctpartitioningoflineagesamong
oceanic biomes, Environ. Microbiol., 10, 147–161, 2008.
Biogeosciences, 11, 3309–3322, 2014 www.biogeosciences.net/11/3309/2014/